Metastable Flux Configurations and de Sitter Spaces 



Katrin Becker, Yu-Chieh Chung and Guangyu Guo 

Department of Physics, Texas A&M University, 
College Station, TX 77843, USA 



Abstract 

We derive stability conditions for the critical points of the no-scale scalar potential 
governing the dynamics of the complex structure moduli and the axio-dilaton in com- 
pactifications of type IIB string theory on Calabi-Yau three-folds. We discuss a concrete 
example of a T 6 orientifold. We then consider the four- dimensional theory obtained 
from compactifications of type IIB string theory on non-geometric backgrounds which 
are mirror to rigid Calabi-Yau manifolds and show that the complex structure moduli 
fields can be stabilized in terms of Hrr only, i.e. with no need of orientifold projec- 
tion. The stabilization of all the fields at weak coupling, including the axio-dilaton, 
may require to break supersymmetry in the presence of H^s flux or corrections to the 
scalar potential. 
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1 Introduction 



There are many ways to obtain models of particle phenomenonlogy using string theory. 
A good starting point is to construct a model with M = 1 supersymmetry in four 
dimensions. One can obtain such models, for example, by compactifying M-theory 
on G2-holonomy manifolds, F-theory on Calabi-Yau four-folds or type II theories on 
Calabi-Yau orientifolds. It is a beautiful fact that these models have a moduli space 
of vacuum states. However, concrete predictions can only be made if the mechanism 
which picks the vacuum state of string theory can be identified. By including fluxes as 
background fields the continuous ambiguity associated with the vacuum expectation 
values of the moduli fields is replaced by a discrete freedom associated with the choice 
of flux numbers. However, the number of possible vacuum states is still enormous and 
it has been argued to built a whole landscape of solutions. However, most of these 
string theory backgrounds have flat directions and the number of solutions with all 
moduli stabilized is very limited. 

Stabilizing all the scalar fields associated with a Calabi-Yau compactification of 
string theory at weak coupling is a particularly hard problem. In the context of com- 
pactifications of type IIB string theory on a Calabi-Yau orientifold, for example, one 
of the fields which is conventionally stabilized using fluxes is the axio-dilaton. This 
removes the arbitrariness associated with the vacuum expectation value of this field. 
However at the same time this means that the string coupling constant is no longer 
a parameter whose value we can freely choose but it is determined in terms of fluxes. 
Weak coupling can then only be achieved if some flux numbers can be chosen to be 
large. But taking such a limit and making the moduli fields heavy is difficult, and it has 
been conjectured in ref. [TJ that it is actually impossible. This situation may change 
once supersymmetry is broken and as a result it is very important to determine the 
properties of flux configurations leading to stable critical points of the scalar potential 
while breaking supersymmetry. This is the aim of the present paper. 

Lets illustrate this idea in the interesting example of the KKLT model [2J. Here 
complex structure moduli and the axio-dilaton acquire an expectation value due to 
perturbative fluxes while preserving an M = 1 supersymmetry. Non-perturbative cor- 
rections to the superpotential cause the radial modulus p to become heavy compared 
to the AdS cosmological constant while the masses of the complex structure moduli 
will generically be of the order to the inverse AdS length and may not be heavy enough 
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to be considered stabilized pQ. This situation changes once these vacua are lifted to 
dS spaces. According to ref. [2] this can be achieved by assuming the presence of an 
anti-D3 brane which contributes a factor 

AY ^ _ (I I) 

(Imp) 3 ' { } 

to the scalar potential. Once this contribution is taken into account the potential for 
the radial modulus displays a metastable minimum at which the scalar potential takes 
a positive value. Moreover, the masses of the moduli are of the order to the AdS scale 
which can be much larger than the dS scale and as a result after supersymmetry is 
broken all the moduli fields can turn out to be heavy enough. 

Adding anti-D3 branes is one way to uplift the potential to positive values. Follow- 
ing the argument of ref. [I] , it should also be possible to obtain a potential contribution 
resembling the one resulting from anti-D3 branes by considering flux configurations for 
which T>[W 7^ for some I. From the no-scale form of the potential it follows that such 
a contribution is positive and it's dependence on p is precisely equal to the one origi- 
nating from anti-D3 branes. This makes it a natural alternative to the KKLT model. 
Since T>jW ^ the flux can no longer be imaginary self-dual (ISD) but will acquire 
an imaginary anti-self dual (IASD) component. Requiring that the scalar potential 
is critical in the complex structure and axio-dilaton directions imposes conditions on 
the fluxes which we will derive in the present paper while the radial modulus is not 
stabilized. 

We then consider the four- dimensional theory obtained from compactifications of 
type IIB string theory on backgrounds which are mirror to rigid Calabi-Yau manifolds, 
i.e. non-geometric backgrounds with no Kahler structure. In this case case the flux 
induced superpotential does depend explicitly on all scalar fields, i.e. the complex 
structure moduli and the axio-dilaton. Mirror symmetry implies that on the type IIB 
side the Kahler potential for the axio-dilaton differs from the conventional one obtained 
from dimensional reduction pp. This fact enables us to find a scalar potential which 
stabilizes all the complex structure moduli in terms of RR fluxes only while requiring no 
orientifold charge. However the axio-dilaton is not fixed and slides off to weak coupling. 
The axio-dilaton could be stabilized if -f/jvs is taken into account and supersymmetry 
is broken to render the scalar fields heavy enough. Another possibility is to take 
perturbative corrections to the Kahler potential and non-perturbative corrections to 
the superpotential into account p]. 
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The organization of this paper is as follows. In section 2 we consider geometric 
compactifications of type IIB string theory on Calabi-Yau three-folds. We derive the 
conditions imposed on the flux configurations to lead to stable critical points of the 
scalar potential in the complex structure and axio-dilaton directions. We explicitly 
show that the critical points do correspond to minima of the potential by computing 
the Hessian matrix. We illustrate the idea in the example of a torus orientifold. In 
section 3 we consider the four- dimensional theory obtained from compactifications of 
type IIB strings on mirrors of rigid Calabi-Yau manifolds. We find a scalar potential 
which stabilizes all the complex structure moduli in terms of RR fluxes only while 
requiring no orientifold charge. We discuss several possibilities to stabilize the axio- 
dilaton at weak coupling. We then end with some conclusions and speculations. 



2 Type IIB string theory compactified on Calabi-Yau three- 
folds 

In this section we discuss geometric compactifications of type IIB strings and analyze 
the critical points of the scalar potential. To set up the notation we start in subsection 

2.1 deriving the form of the scalar potential following closely ref. [5]. In subsection 

2.2 we derive the conditions to obtain a critical point of the potential. In subsection 

2.3 we explicitly check that the critical points correspond to minima by computing the 
Hessian matrix. In subsection 2.4 we present a concrete example. 

2.1 The scalar potential 

Our starting point is the low-energy effective action of type IIB strings in the ten- 
dimensional Einstein frame 



Sub = 7TT I d w xy/=g 
2«r 
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R d M rd M f G ■ G Ff 5) 



2(Imr) 2 12Imr 4 ■ 5! 

C (4 ) AG AG 



(2.1) 



S, 



loc- 



UK™ I Imr 



u io 

Here the axio-dilaton r is written in terms of the RR scalar CVm and the dilaton 
according to 

r = (7 ( o) + ze-* (2.2) 
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and 

1 1 

F(5) = F(5) - ~jC(2) A H NS + 2^(2) A Hrr, (2-3) 

where Hrr and -Hns are the two three-forms with potentials C^) and Br 2 ) respectively 
and G = Hrr — tH^s- The condition that is self-dual should be imposed by hand. 
The Bianchi identity for the five-form field is 

dF {5) = H NS A H RR + 2k 2 10 T 3P 1 3 oc . (2.4) 

By integrating the Bianchi identity over the internal manifold we get 

where we have used the relation 2k\ T 3 = (27r) 4 a /2 . This identity means the sum of 
the D3 charges from background fields and localized sources vanishes. From Eq. (12.11) 
one obtain the four- dimensional scalar potential by dimensional reduction 

V = 1 / ^ r- G -G _ i f GAG_ 

- 24 K 2 (Imp)3 J Me V ^ 9 Imr 4«? (Imp)3 J Me Imr 1 ^ 

By using the flux induced superpotential [3] which is explicitly given by 

W= f GAtt, (2.7) 

and the Kahler potential 

/C = -31ogH(p-p)]-logH(r-f)]-logH / ^aH], (2.8) 

where p is the radial modulus, the scalar potential (12. 6p can be transformed into the 
standard TV = 1 supergravity form 

V = e K [g al V a WV-JN - Z\W | 2 ) (2.9) 

where a and b label all moduli and the axio-dilaton. Because the superpotential is 
independent of p the scalar potential takes the no-scale form 

V = e lc F I F I } (2.10) 

where I and J label the complex structure moduli and the axio-dilaton. Here and in 
the following we will be using the notation of [B] 

F I = VjW, Z IJ = V I VjW, U IJK =V I VjV K W J (2.11) 

and indices are raised using the inverse of the Kahler metric gjj = didjJC. 
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2.2 Critical points of the scalar potential 

The scalar potential will be critical in the complex structure and axio-dilaton directions 
if the first derivatives vanish, i. e. if 

djV = e K (Z U F J + FjW) = 0. (2.12) 

One, but not the most general, solution of this condition is given by flux configurations 
satisfying Fj — 0. Using the explicit expression for the superpotential we have 

Fi= [ GA X i and F T = — [ GAfi, (2.13) 



J Me T - T j Mf . 

where Xi is the basis of harmonic (2, 1) forms and with lower case indices i,j we label 
the complex structure moduli only. This implies that the non-vanishing components of 
G can lie in the (0, 3) or (2, 1) directions. In other words, G is ISD, *G = iG. Moreover, 
this critical point is stable because the scalar potential (12.101) is positive semi-definite 
and at the critical points the potential vanishes. 

In the following we would like to find the most general solution of Eq. (12.121) . We 
start by rewriting Eq. (12.121) in the form 

Z TT F T + Z Tj F j + F T W = 0, 

(2.14) 



Note that 



Z iT F T + ZijFJ + F t W = 0. 



■k 



Im 6 G A 

Zij = Kijk „ 6 — =-, Z ri = / G A Xi, Z TT = 0. (2-15) 



T — T 
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I Me 

A simple computation (we include the details in an appendix) shows that the first 
condition in Eq. (I2.14p is equivalent to 



GA*G = 0, (2.16) 

Me 



while the second condition leads to 



(BB k + AA k ) I Q A Q + n ijk A i B j = 0. (2.17) 

J Me 



'Me 

Here we introduced the Hodge decomposition 



G = AVL + A\i + B'xi + Btt (2.18) 
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and Kijk are the Yukawa couplings. From here we conclude that the potential for the 
scalars (12.101) does not have a critical point for an arbitrary choice of flux. Only if 
Eq. (12.161) and Eq. (12. 17ft are satisfied can we find a critical point in all directions 
except the size. This is not always possible. If H^s = 0, for example, then the dilaton 
cannot be stabilized since the only non- vanishing contribution to the dilaton potential 
comes from the overall factor e . As a result no critical point exists since Eq. (12.161) 
is violated. 

It is not difficult to see that all flux combinations can lead to critical points of the 
potential except if G is given by a combination of the following components 

*2(3,0) + (2(0,3), (2(3,o) + ( 2(2,l), (2(3,o) + (2(0,3) + (2(2,i)> (2-19) 

or their complex conjugates. A flux of the form G(3,o) + (2 (0,3), for example, is easily 
seen to violate the condition (I2.16p . 

Among the possible flux combinations leading to critical points of the scalar po- 
tential only a flux lying in the (2, 1) or (1, 2) directions preserves supersymmetry. The 
(2, 1) component obviously preserves supersymmetry, as it satisfies 

VjW = V p W = 0. (2.20) 

However a flux in the (1, 2) direction also preserves supersymmetry if accompanied by 
a change in the sign of the tadpole due to fluxes. The reason for this is that type IIB 
supergravity in ten dimensions is invariant under the change of sign of all RR fluxes. 
Changing the signs of RR fields replaces G by —G and as a result a flux lying in the 
(2,1) direction should lead to the same physics as a flux in the (1,2) direction. The (1,2) 
component does satisfy the conventional supergravity constraint VjW = T> p W = 0, 
but with a superpotential given by 

W= f GAQ. (2.21) 
Jm 6 

The derivation of this superpotential will be discussed in appendix B. The two superpo- 
tentials W and W are related to each other by a CPT transformation. Any other flux 
components satisfying Eq. (12.161) and (12.171) will not preserve supersymmetry and lead 
to a positive cosmological constant or vanishing cosmological constant if only a (3, 0) 
(or (0,3)) component is turned on. On the other hand, due to the no-scale structure 
of the potential the radial modulus cannot be stabilized. 
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2.3 The Hessian matrix 

The no-scale potential is positive definite. As a result solutions which lead to a vanish- 
ing potential at the critical point V* are necessarily stable. However, we are interested 
in solutions for which V* > and as a result we have to check the stability of the 
solutions. In order to determine if the critical points are stable we compute the Hes- 
sian matrix H. It turns out that it only has positive eigenvalues which means that 
the critical points are minima in the complex structure and axio-dilaton directions. 
Indeed, the second derivatives of the scalar potential are given by 

didjV = e K (U I j K F K + 2ZjjW) (2.22) 
djdjV = e K ( giJ F K F K - R IJK L F L F K + 2FjFj+ Z IL Z JR g LR + giJ \W\ 2 ) 

The critical points will be stable if 

dT? = H a/3 dw a dw p > 0, (2.23) 

where w a labels all coordinates, i.e. a and (3 label the axio-dilaton, complex structure 
moduli and their complex conjugates. Using formulas which are explicitly presented 
in appendix A we obtain 

dS 2 = eV CT (Z aj Zp a dw a dwP + g Tf U ajT U f3af dw a dw (3 ) (2.24) 

where U aiCF = V a V^V a W and Z ai = V a V 1 W are the generalization of Uuk and 
Zjj. As a result the hessian matrix is positive semi-definite and the critical points 
correspond to minima. 

2.4 An example 

In this section we describe a concrete example in terms of a type IIB orientifold com- 
pactification. This example is closely related to examples discussed in refs. [I] and [7j. 
We will be following their notation. Let x % and y l , for i = 1, 2, 3 be the six real coordi- 
nates on T 6 . These coordinates are subjected to the periodic identifications x l = x l + 1 
and y l = y l + 1. The complex structure is parameterized by complex parameters r % \ 
and 

j = x i + r ii y i , (2.25) 

are global holomorphic coordinates. The explicit orientifold is T 6 /QR(— 1) Fl , where R 
is the involution which changes the sign of all torus coordinates, R : (x\ y l ) — > —(x l , y l ). 



S 



The holomorphic three-form is 

tt = dz 1 A dz 2 A dz 3 , (2.26) 

and the metric is 

ds 2 = dz { dz\ (2.27) 

We choose the following orientation 

/ dx 1 A dx 2 A dx 3 A dy 1 A dy 2 A dy 3 = 1, (2.28) 

and the basis of H 3 (T 6 , Z): 

a = dx 1 A dx 2 A dx 3 

aij = -e am dx l A dx m A dy 3 , 1 < i, j < 3 



(3 ij = --ejimdy 1 A dy m A dx\ 1 < i,j < 3 



1 

p° = dy 1 Ady 2 A dy 3 (2.29) 



which satisfies J T6 a>i A (3 J = 5j . The fluxes can be expanded in this basis 

1 



(27r)V 



Hrr = a°a + a %3 aij + hfl 13 + b f3° (2.30) 



H NS = c°a + jian + d^ + d (3°. 



(2tt)V" 

Here we take a°,a l: > ,bo,bij,c°,c lJ ,do,dij to be even integers, so that all the 03-planes 
are of the standard type and the issues regarding flux quantization discussed in ref. [8] 
can be avoided. In this case, the total number of 03-planes is 64 and each plane has 
D3-brane charge —1/4. For simplicity we only turn on the diagonal components of the 
flux, so that we can set the off-diagonal components of r iJ equal to zero at the critical 
points. This condition can be imposed by restricting to an enhanced symmetry locus 
on the moduli space of the T 6 [1]. For example, we will consider configurations which 
are symmetric under 

i?i : (x\ x 2 , x 3 , y\y 2 , y 3 ) -> (-x\ -x 2 , x 3 , -y\ -y 2 , y 3 ) 

R 2 : {x\ x 2 , x 3 , y\ y 2 , y 3 ) ^ (x\ -x 2 , -x 3 , y\ -y 2 , -y 3 ) (2.31) 

Only the diagonal components of the complex structure T lJ , and the three forms 
ato, an, (3°, j3 tl are preserved under these symmetries, so that the only non-vanishing 
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flux components are a , a M , bo, ba and c°, c M , do, da. We are left with 3 no n- vanishing 
complex moduli and the axio-dilaton. 

To use the conditions (12.161) and (12.171) which we derived in subsection 2.2, we need 
to transform the scalar potential (12.61) into the standard M = 1 supergravity formula 
(12.91) . For tori having a general complex structure the result is complicated (see for 
example [15] and [1]). However for tori with diagonal complex structure, we can express 
the scalar potential in the form 

V = e K (^T g fj V Tz WV^W + g Tf V T WV^j , (2.32) 

with superpotential (12. 7p and "Kahler potential" , 

K = -31og[-z(p - p)} - log[-z(r - f)] - log[z(7i - n)(r 2 - f 2 )(r 3 - f 3 )], (2.33) 

where we used r\ to replace r n . Before we proceed we have one more comment. Gen- 
erally we can only set = (for i 7^ j), after computing the first derivative of the 
scalar potential (12. 6p . but on the symmetric locus, the criticality conditions d T ijV = 
(for i 7^ j) are automatically satisfied. As a result we can set r u = (for i 7^ j) at the 
beginning of the computation and only deal with the conditions d T uV = 0. However, 
when computing the second derivatives we can not set r u = before we differenti- 
ate, as there are non- vanishing terms of the form d^V, which will disappear if we set 
T l i = (for i j) at the beginning. 

Next we consider a flux in the (2,1) + (1,2) direction, so the conditions (12.171) and 
(I2.16P take the form 



n ijk A j B k = and g^AB 3 = 0. (2.34) 

Since we are working with a torus we set /t 123 = 1 and one solution to the above 
condition is 

ai = b3 =°> (2 - 35) 

For the concrete torus orientifold we are considering the tadpole cancelation condition 
takes the form 

GAG = 32. (2.36) 



2Imr(27r) V 2 J T6 
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In the following we will present a concrete solution of Eq. (12.351) . For simplicity we 
redefine the parameters according to 

A" = -2ilmrjmri\ and & = 2ilmrjmr^ (2.37) 

and drop the tilde in the following. The conditions (12.351) and (12.361) can be written as 

3 

A 1 B 2 = -B 1 A 2 , B X B X = B 2 B 2 , {A 2 A 2 - B 2 B 2 )lmr JJ Imr, = 4 (2.38) 



i=l 



and the non-vanishing components of Hrr and H^s are 



a 



o 



a 



.ii 



a 



22 



-Im[f (A 1 + A 2 + B 1 + B 2 )} 

-Im[f (A 1 ^ + A 2 n + sVi + B 2 n)] 

-lm[f(A 1 f 2 + A 2 t 2 + B x t 2 + B 2 f 2 )] 



(2.39) 



a 33 = -Im[f (A 1 ^ + A 2 r 3 + B 1 r 3 + B 2 f 3 )] 
b = -Im[f (A 1 fir 2 r 3 + A 2 t x t 2 t 3 + B x t x t 2 t 3 + £ 2 TiT 2 t 3 )] 
6n = Im[f (AV2T3 + A 2 f 2 r 3 + B l f 2 f 3 + £ 2 r 2 f 3 )] 
6 22 = Im[f (A^iTg + A 2 r!r 3 + B^fg + B 2 fif 3 )] 
6 33 = Im[f (^ 1 fir 2 + A 2 rif 2 + SVi^ + B 2 fir 2 )] 
c° = -lm[A l + A 2 + B l + B 2 ] 
c 11 = -Im^fx + A 2 T\ + B x t x + B 2 ^] 
c 22 = -Im^f, + A 2 r 2 + B\ 2 + B 2 f 2 ] 
c 33 = -ImLA 1 ^ + A 2 r 3 + BV 3 + B 2 f 3 ] 
d = -Im[^4 1 fiT 2 T3 + A 2 T X f 2 T 3 + B^^n + £ 2 tiT 2 f 3 ] 
d u = Im[A 1 T 2 r 3 + A 2 f 2 r 3 + B l f 2 f 3 + B 2 r 2 f 3 ] 
d 22 = Im^fiTg + A 2 TiT 3 + B 1 ^ + B 2 ^] 
d 33 = Im[A 1 r 1 r 2 + A 2 rif 2 + SVi^ + £? 2 tit 2 ]. 

Usually one starts with certain flux numbers and then determines the values of 
moduli fields. Here we solve the inverse problem, namely, we start with the value of 
the moduli and determine the flux numbers which stabilize the moduli at the given 
values. To solve Eq. (12.381) using even flux numbers (12.391) we use the ansatz 

Imr = 4, Imri = Imr 2 = Imr 3 = 1 (2.40) 
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So one solution of Eq. (12.381) is 



A 1 — - 



3i, 



A 2 



3i, 



B 



1 



2 + 2i, 



5 



2 



2 + 2z 



(2.41) 



From Eq. (12.391) . we can explicitly compute the flux numbers and obtain 



(a , a 11 , a 22 , a 33 ) = (16,-24,24,16), 



(60,611,622,633) = (16,0,0,-16) 
(cW 2 ,c 33 ) = (-4,0,0,4), 
(d , d n , d 22 , d 33 ) = (4, 6, -6, 4) 



(2.42) 



which are all even integrals. 

3 Type IIB mirrors of type IIA strings compactified on rigid 
Calabi-Yau three-folds 

In this section we would like to generalize the previous analysis to type IIB theories 
which arise as mirrors of type IIA models compactified on rigid Calabi-Yau three-folds, 
i.e. with /i 2 ,i — 0. On the type IIB side these correspond to models with = and 
consequently are not ordinary Calabi-Yau manifolds since a Kahler form is missing 
but can nevertheless be described using conformal field theory techniques. Here we 
will be interested in the properties of the resulting four-dimensional theories which 
contain fr 2 ,i + 1 four-dimensional M = 1 chiral superfields originating from the complex 
structure moduli and the axio-dilaton. The number of these fields will in general be 
reduced if we consider an orientifold projection. 

It has been shown in ref. [1] that for compactifications of type IIB strings on 
backgrounds with no Kahler structure the Kahler potential for the axio-dilaton and 
the complex structure is 



which differs by a subtle factor 4 from the conventional Kahler potential for the axio- 
dilaton. This unconventional factor 4 has the consequence that supersymmetric flux 
configurations are no longer required to be ISD [T]. The Kahler potential (13. ip also 
causes the scalar potential to display new and interesting properties. In order to 




(3.1) 
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illustrate this imagine one considers a real three-form flux, i.e. a flux configuration 
with Hns = 0. Then 

W = Wrr = [ Hrr A n, (3.2) 



and the scalar potential can be written in the form 

V = e K (g*D l W RR D]W R -R-+ \ W RR | 2 ) , (3.3) 

which is positive definite and depends non-trivially on the complex structure. If 

diV = for i = l,...,h 2il , (3.4) 

the potential is critical in all the complex structure directions. So for example, one 
solution of Eq. (13. 4p is given by 

Hrr = a (n + 0) , (3.5) 

where a is some real constant. This equation determines the complex structure moduli. 
Indeed, it turns out that this is nothing else than the equation defining a rank 1 
attractor which is well known from black hole physics. Eq. (13.51) can, for example, be 
explicitly solved in the large complex structure limit as has been shown by Shmakova in 
ref. [H] (see also ref. [ID])- These critical points are stable since the only no n- vanishing 
entries of the Hessian matrix are 

d- i d j V = 2e/ c g ij \W RR \ 2 . (3.6) 

The scalar potential (13. 3p has been studied before in the literature in the context of 
non-supersymmetric attractors (for a partial list of references on non-supersymmetric 
attractors see In particular, the critical points of the potential are the solutions 

of 

H RR = 21m [e K - (QW - F l Xl )] , (3.7) 
subjected to the constraint 

ZijF' + 2FiW = (3.8) 

which can be written as 

2FiW J Q A H + K ijk F j F k = 0. (3.9) 
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Moreover, these critical points are stable since the Hessian matrix written in terms o: 



dZ 2 = 2e K (g^Z a ~ / Z l3a dw a dw 13 + F a F (} dw a dw p ) , 



(3.10) 



is positive definite. In this form the critical points correspond non-supersymmetric 
attractor points as described in ref. [12]. This indicates that within a non-geometric 
model with h^i = the proposal of ref. [I] leads to an interesting new class of 
backgrounds in which all the complex structure moduli can be stablized in terms of 
RR fluxes only with no need of negative energy sources like orientifold planes. 
Using the solution (13.51) shows that the potential at the minimum satisfies 



if a ^ so the external space is dS. However, before we can conclude that supersym- 
metry is spontaneously broken by the solution (13. 5ft we should take into account the 
dependence on the axio-dilaton arising from the overall factor e K ~ (Imr) -4 . This 
factor causes the potential to slope to zero at infinity so a supersymmetric state is 
gained back at infinity and as it stands the theory has no ground state at all. Here (as 
in pP) we will simply assume that perturbative corrections to the Kahler potential and 
non-perturbative corrections to the superpotential could achieve this stabilization and 
lead to a metastable ground state. 

In order to stabilize the axio-dilaton using perturbative fluxes the only possibil- 
ity is to use a non-vanishing H^s flux. By including RR and NS three-form fluxes 
one obtains a four- dimensional superpotential which does depend non-trivially on all 
moduli fields. Any geometric compactification would lead to a superpotential which 
is independent of the Kahler moduli and consequently the radial modulus would slide 
off to infinity. As a result even in the absence of any type of corrections moduli sta- 
bilization may be possible within the non-geometric model by including all possible 
fluxes. Moreover, in order to obtain moduli fields which are heavy enough we may 
have to break supersymmetry [1] . But note that once the NS flux is non- vanishing the 
scalar potential is no longer positive definite and it is not obvious that supersymmetry 
breaking vacua, and in particular the phenomeno logically interesting vacua leading to 
a positive cosmological constant, exist. As an illustrative toy example lets consider a 
non-geometric model with /i 2 ,i — 0, i.e. a model with only one massless scalar field, 

^^Here the indices a, f3 label the complex structure moduli and their complex conjugates. 



V*>0, 
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the axio-dilaton, with a Kahler potential 



/C = -41ogH(r-f)], (3.12) 

and a superpotential 

W = W rr -tW ns , (3-13) 

where W RR and Wns are constants. The condition for unbroken supersymmetry has 
one solution only 

1 



[Re(W NS W RR ) + 2ilm(W NS W RR )] . (3.14) 



W NS W NS 

However, it is not difficult to see that the scalar potential is also critical if 



1 



Re(W NS W RR ) - l -lm(W NS W RR ) 



(3.15) 

w NS w NS L v ' 2 v — j 1 ; 

which leads to D T W ^ so that supersymmetry is broken. Moreover, the scalar 
potential at the minimum is negative so that the external space is AdS. As a result su- 
persymmetry breaking critical points of the potential do exist even though in this case 
they lead to an AdS space. However, it is interesting that a single four- dimensional 
chiral field with a Kahler potential of the form (13.121) avoids the no-go theorem of 
ref. [16] (see also [17]) according to which dS or Minkowski space vacua with a bro- 
ken supersymmetry are never possible in a theory with a single chiral field for any 
superpotential if the Kahler potential is K, = —nlog [— i(r — f)] with 1 < n < 3. As 
a result stable dS vacua are no longer excluded. It will be very interesting to see if 
by considering a 'realistic' model with a non-vanishing number of complex structure 
moduli fields stable critical points of the potential at which supersymmetry is broken 
can be found. We leave this topic for future research. 



4 Conclusion and speculations 

In this paper we have analyzed stability conditions of the no-scale scalar potential 
determining the dynamics of the complex structure moduli and the axio-dilaton in 
geometric flux compactification of type IIB strings to four dimensions. In order to 
obtain critical points which do not preserve supersymmetry an essential ingredient is 
the appearance of IASD flux components. But not any IASD flux is allowed. Fluxes 
have to satisfy the conditions (12.161) and (I2.17P to stabilize all fields except the Kahler 
structure moduli. 
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Searching for the critical points of the scalar potential obtained from compactifi- 
cations of type IIB strings on mirrors of rigid Calabi-Yau three-folds we discovered a 
fascinating and unexpected analogy to black hole physics and, in particular, to non- 
super symmetric attractors. This mapping was possible because of the peculiarities of 
the axio-dilaton Kahler potential in the non-geometric setting derived recently in ref. 
PP. The similarities between the attractor mechanism and flux compactifications have 
been known for some time (see for example ref. [13]) but an explicit mapping of the 
scalar potentials is new. Complex structure moduli stabilization can be achieved in 
terms of Hrr only, i.e. in terms of a real three-form. It will be interesting to further 
explore if lessons learned from black hole physics can be used to discover properties of 
flux vacua with a small and positive cosmological constant. 

Moreover, compactifications of type IIB strings on mirrors of rigid Calabi-Yau man- 
ifolds lead to a flux induced superpotential which depends non-trivially on all scalar 
fields even in the absence of any non-perturbative effects once the RR and NS three- 
form fluxes are included. This leads to the interesting possibility that perturbative 
fluxes alone may stabilize all moduli fields once supersymmetry is broken. 
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5 Appendix A 

In this appendix, we present the details of some of the computations presented in this 
paper. To set up our notation we start by reviewing a few basic formulas regarding 
Calabi-Yau manifolds [H]. On a Calabi-Yau three- fold, there exists a unique harmonic 
(3,0) form Q, whose first derivatives satisfy 




and 








1(3 



where \% is an harmonic (2,1) form. The Kahler potential on the complex structure 
moduli space is 

K cs = -log[-i / QAtt]. (5.2) 



As is easy to check 

d t K cs = -Ki and g fj = didjK cs = - ^ ^ j_ J . (5.3) 

One important property of the (3,0) form Q is that it is undefined up to multiplication 
by a holomorphic function f(z) 

n -> f(z)n. (5.4) 
Under (15.41) the Kahler potential transforms as 

K cs -> K cs - log f(z) - log /(f), (5.5) 

which leaves the metric on moduli space invariant. For convenience, we can define a 
gauge covariant derivative 

Xl = ViQ = diQ + dtK^n, (5.6) 

and thus under the Kahler transformation, it transforms according to T>iVt — > fT>{Q, 
i.e. Xi ~ * fXi- One can also generalize the definition of the covariant derivative to 
other quantities which transform like 

under the Kahler transformation. In this case the covariant derivatives take the form 

p.^(o,6) = (q. + a diK cs )¥ a >V 

V 3 ¥ a ' b) = (Oj + bd-jK^^. (5.8) 

The partial derivatives <9j and d\ are to be replaced by ordinary covariant derivatives 
Vj, Vj when acting on tensors. It is easy to see that under Kahler transformations 

VM a,h) -> f a f b vM a ' b) and V-^ b) -> f a pV 3 ^ b \ (5.9) 
We also require 

[V il V- j \n = and Vk9ij = 0. (5.10) 
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Using the above formulas, we can get the results quoted in the table below 



Derivatives of the basis 


Spans 


n 

Vfil = Xi 

ViXj = 9ijQ 
VtQ = 


(3,0) 
(2,1) 
(1,2) 
(0,3) 



(s.ii; 



where the Yukawa couplings are defined as 

Ki jk = / Q A ViVjVkVL. 



(5.12) 



The above results are the tools needed to compute the first derivative of scalar 
potential (12.101) . Because the scalar potential is invariant under Kahler transformation, 
i.e. a = b = 0, we can transform the ordinary derivatives into covariant derivatives 



= ViV = e K (Z U F J + FiW) 



(5.13) 



with the notation (12. lip . To obtain an explicit expression for d{V = 0, we need to 
compute a few quantities, 



Fa 



2W= / G AXi 

'Me 





= V T W = 


Zij 


= ViVjW 




= v T v t w 



1 



fQAfl 
1 



T — T 

k 



GAQ 



GAx 



(5.14) 



T — T 



Me 

I 



G A Xi 



Z TT = V T V T W = d T F T - T T TT F T + d T JCF T = 0. 
As a result the critical condition djV = can be explicitly written as 
jGA X ijGAx l + J G AVI JG AU=0 

jGAx k jGAr(^§=) + jGA Xj jGATl + jGAx J jGAri=0 
After using the Hodge decomposition for G 

G = AQ + A l Xl + B'xi + BQ 
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(5.15) 



(5.16) 



the condition (15.15P can be further written in the form 

/ G A *G = 

(5.17) 

{BB k + AA k ) JQAQ + = 

which are Eq.f l2.16p and ( 12. 17ft . To derive these equations, we have used the property 
that the harmonic (2,1) and (0,3) forms are imaginary self-dual, and the harmonic (1,2) 
and (3,0) forms are imaginary anti-self-dual on Calabi-Yau three-fold. 

Now we are going to compute the second derivative of scalar potential by noting 
that 

d I djV = V I V J V, d I djV = V I VjV (5.18) 

at the critical point d{V = 0. After a little algebra, the second derivatives of the scalar 
potential (12. 10[) are 

djdjV = e K (U IJK F K + 2ZjjW) 

d T djV = e K (U J - IK F K + F I F J - + Z IL Z m g LR + g I j\W\ 2 ), (5.19) 

where Uj IK = DjDfDxW. The above formula can be easily transformed to (12.221) by 
using the identity: 

[V T , Vj}F k = - gi jF K + R IJK L F L (5.20) 
To get expression (12.241) . we need to generalize the definition oHJjjk and Zjj to 



U aM = V a V p V 1 W and U^ = U a ^ (5.21) 

and 



Z aP = V a VfjW and Z^ = Z a p, (5.22) 

where a,/3,and 7 label all coordinates, i.e. the axio-dilaton, complex structure moduli 
and their complex conjugates. Using the results quoted in the table ( 15. lip , we have 

[G Att 

U ijT = Vpp T W = - S Kijk _ (5.23) 

TJ- K fh x---F fl 
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One consequence of Eq. (I5.23j) and Eq. (I5.14p is 

F T U- ■ = F k U -u 
Zn = guW, 

Z ri = 0, (5.24) 
Urji — 9ijFk, 

U TT i = U TTT = Ukjj = U a j T = 0. 
The above expressions are useful to show the equivalence of (12.241) and (I5.19p . 

6 Appendix B 

In this appendix we explicitly show the appearance of the two superpotentials 

W = [gaQ, and W = [gaQ, (6.1) 



by dimensional reduction of ten-dimensional supergravity theories. Our convention is 
£ i....9 = 1, and 

* dx m ° A ... A dx m " = ,, e m mo m °- m "dx mn+1 A ... A dx m9 (6.2) 

We take the type IIB effective action (12. ip together with the local terms are 

Sioc = - [ dt> +1 ZT p ^6 + fi p [ C p+1 (6.3) 

To perform the dimensional reduction, we assume that the metric is independent of 
external coordinates 

ds 2 = e^^dx^dx" + e- 2A ^g mn (y)dy m dy n (6.4) 
The Einstein equation is 

Rmn = k 2 ^TMN — -gMNTj with Tmn = ~ — ; — - ^mn ' (6-5) 



The non-compact components of the Einstein equation can be written as 



G\ 2 - -e-" A {d m a) 2 



8Imr 4 
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9»v + kl^ C -\ Tl ° C 9^) ( 6 - 6 ) 



On the other hand, using the metric (16. 4p . we obtain 

= -e 2A V 2 Ag^ (6.7) 

which yields 



^ A = ^ze- 2A \G\ 2 + - e - 10A \d m a\ 2 + -k 2 l0 e~ 2A [T™ - Tfi loc . (6.8) 



1 m4i a i o 1 

8Imr ~ 1 " 1 ' 4 
This can also be written in the form 

loc 

(d m a) 2 + (d m e 4A ) 2 ' 



VV A = - J— e 2A \G\ 2 + e- 6A 
2Imr 



lk 2 10 e 2A (T--T^ lOC (6.9) 



To compute the equation of motion for O4 we only need to consider a few terms in 
the action namely 

A *F (8) " -V / CW T AGA ^ + £ / ^ p+1 (6.10) 



8^ y ^ (5) - 8^5 y imr " y y„ xs 

The appearance of extra factor | is a consequence of the self-duality of the five form. 
The Bianchi identity is 

As F(5) is self-dual, we have 

F 5 = (1 + -k)da A dx° A dx 1 A dx 2 A dx 3 (6.12) 
and the Bianchi identity becomes 

V 2 a = ^— e 2A G mnp * G m " P + 2 e - 6 ^ m e 4A <9 m a + 2fc 1 2 T 3 pf J oc (6.13) 
By summing or subtracting equations (I6.9p and (16.131) . we get 



V 2 (e 4A ± a) =J—e 2A \G =F i * G\ 2 + e- 6A |«9 m a ± <9 m e 4A | 2 
2Imr 



+ 2fc 2 e 2A - ± T 3 p^ . 



(6.14) 



The left hand side of the above equation vanishes when integrated over a compact 
manifold M.§. As a result there are two solutions 

* 6 G = -iG, a = -e 4A , with 03, D3 

(6.15) 

HG = +iG, a = +e 4A , with 03, D3. 
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Notice that we can not have 03 and D3 at the same time. 

Using the results above we can perform the dimensional reduction 

J d 10 x^TZ = J d A x^g~ 4 J d 6 y^[-8(X7A) 2 e 4A ] . (6.16) 

Taking into account the fact the self-duality of the five-form we get 

d 10 z</=?-^ = J d A x^l J d%^—{d m a) 2 (6.17) 
Since a = =Fe 4A , this term gives the same contribution as the Einstein term 

d A x^l J d%^- 6 (-(d m a) 2 e AA ) 



F 2 

/10„ / ~ I T> (5) 



d w x^ n - 



4 



1 d*xy/- 


~ 94 J 


f d & y y 




j d A x\J- 


- Q4 J 


f d% 





Where we have used the Bianchi identity (I6.13p . The second term in the last equation 
of (16.181) will cancel the first term of Si oc , and the CS term cancels the second term of 
Si oc . At the end, the scalar potential is 



S v = — J- / d^x^J^gl j — — GA^GijiG) (6.19) 
2k 10 J J zlmr 

From this expression, we can write the scalar potential in the standard form with 

W = [gaQ, or W = [GAtt (6.20) 
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